Small polydisperse circular (spc) DNA was isolated and cloned, using BglII from Chinese hamster ovary (CHO) cells. The properties of 47 clones containing at least 43 different BglII fragments are reported. The majority of the clones probably contain entire sequences from individual spcDNA molecules. Most of the clones were homologous to sequences in CHO cell chromosomal DNA, and many were also homologous to mouse LMTK-cell chromosomal sequences. The majority of homologous CHO cell chromosomal sequences were repetitive, although a few may be single copy. Only a small fraction of cloned spcDNA molecules were present in every cell; most occurred less frequently than once in 15 cells. Localization studies indicated that at least a portion of spcDNA is associated with the nucleus in CHO cells.
Small polydisperse circular (spc) DNA was isolated and cloned, using BglII from Chinese hamster ovary (CHO) cells. The properties of 47 clones containing at least 43 different BglII fragments are reported. The majority of the clones probably contain entire sequences from individual spcDNA molecules. Most of the clones were homologous to sequences in CHO cell chromosomal DNA, and many were also homologous to mouse LMTK-cell chromosomal sequences. The majority of homologous CHO cell chromosomal sequences were repetitive, although a few may be single copy. Only a small fraction of cloned spcDNA molecules were present in every cell; most occurred less frequently than once in 15 cells. Localization studies indicated that at least a portion of spcDNA is associated with the nucleus in CHO cells.
Small polydisperse circular (spc) DNA has been found in such a wide variety of eucaryotic organisms and cell types (2, 3, 6, 7, 12, 21, 24, 27, 28) that it may well represent a universal phenomenon in higher organisms. These circular DNAs may range in size from approximately 150 base pairs (bp) to 9 kilobase pairs (kb) or larger (7, 24) , but the distribution of circle sizes present in a given cell line or organism can vary significantly with cell state or stage of development (6, 21, 24) . The amount of spcDNA per cell is generally on the order of a few hundredths of a percent of the total cellular DNA, representing from a few copies per cell in Drosophila melanogaster (24) to several thousand copies per cell in mammalian cells (7, 24) .
Like the size distribution, the amount of spcDNA has been observed to vary with development or with alterations in growth conditions of cells in vitro (6, 21, 24) . For all cases examined, the buoyant density of spcDNA is indistinguishable from that of the main band of chromosomal DNA, and its complexity is significantly greater than would be expected from its average size (7, 21, 25) . The majority of spcDNA appears to be homologous to sequences present in chromosomal DNA (1, 25) . Its location is mainly nuclear in D. melanogaster (24) , whereas a tentative cytoplasmic location has beeh reported in HeLa cells (21) . In D. melanogaster, spcDNA is homologous to frequently occurring nuclear transcripts and may contain coding sequences (26) . Finally, some circular DNAs in D. melanogaster cells are known to consist of transposable elements, although these occur relatively rarely in the population of circles (9) .
Due to the great difficulties involved in studying a heterogeneous population of molecules present at such low concentrations in the cell and to the limited nature of the conclusions that can be drawn from such studies, it was decided to clone a number of spcDNA molecules from a mammalian cell line so that the properties of individual circles could be examined in detail. We report here the cloning of spcDNA from Chinese hamster ovary (CHO) cells and the characterization of these clones. Our results show that, whereas a few clones may be homologous to unique chromosomal sequences, the majority are homologous to repetitive sequences. Most of the larger spcDNA clones are * Corresponding author. also homologous to repetitive sequences present in mouse chromosomal DNA. In addition, we report our study on the location of spcDNA in these cells which indicates that at least a fraction of the circles is associated with the nucleus in vivo.
MATERIALS AND METHODS Cells. CHO-K1 cells were grown in suspension in minimal essential medium (GIBCO Laboratories) supplemented with nonessential amino acids, glutamine, 5% newborn calf serum, and 5% fetal calf serum in a gyratory water bath shaker at 37°C.
LMTKcells were grown at 37°C as confluent monolayers in Dulbecco modified Eagle medium (GIBCO Laboratories) supplemented with 10% calf serum.
Isolation of circular DNA. Total CHO cell circular DNA was isolated by using a modification of the method of Currier and Nester (4). One liter of cells was harvested at early stationary phase by pelleting at 4°C for 10 min at 1,500 x g and washed once with cold TD buffer (50 mM Tris-hydrochloride, pH 7.4, 10 mM KCI, 1.5 mM Na2HPO4, 0.15 M NaCl). The cells were resuspended at a density of 1.5 x 107 cells per ml in TE (50 mM Tris-hydrochloride, pH 8.0, 20 mM disodium EDTA). The cells were lysed by the addition of 20% sodium dodecyl sulfate to a final concentration of 1%, and the mixture was incubated for 10 min at room temperature. The lysate was sheared in 15-ml portions in 50ml plastic screw-cap centrifuge tubes by vortexing at maximum speed for 1 min. After elimination offoam by centrifuging at maximum speed at room temperature in a clinical centrifuge, the DNA was denatured by adjusting the pH to 12.2 with 3 N NaOH. After 10 min of incubation at room temperature, the mixture was partially neutralized by adjusting the pH to 8.5 with 2 M Tris-hydrochloride, pH 7.0. Onetenth volume of 5 M NaCl was added, and the mixture was extracted with phenol saturated with 3% NaCl, followed by chloroform extraction. The remaining nucleic acids were ethanol precipitated, and the precipitate was dissolved in TES (30 mM Tris-hydrochloride, pH 8.0, 50 mM NaCl, 5 mM disodium EDTA). After addition of Sarkosyl N-30 to 0.1%, the mixture was centrifuged to equilibrium in a CsClethidium bromide (EB) gradient, and the covalently closed circular DNA band was removed with a syringe, diluted with CsCl-EB, and recentrifuged. The supercoiled DNA fraction 174 STANFIELD AND HELINSKI was extracted with CsCl-saturated isopropanol, dialyzed versus TES, and ethanol precipitated. Precipitates were dissolved in DNA storage buffer (5 mM Tris-hydrochloride, pH 7.4, 0.1 mM disodium EDTA) and stored at 4°C.
Isolation of mitochondrial DNA. Mitochondrial DNA was purified away from spcDNA by centrifuging the total circular DNA preparation obtained as described above through a CsCl velocity gradient in DNA storage buffer. The preformed gradient consisted of 4 ml of 20 to 40% CsCl over a 0.8-ml cushion of 60% CsCl. The DNA was layered on the gradient and centrifuged for 4 h at 15°C in a Beckman SW50.1 rotor at 30,000 rpm. Fractions were collected by dripping from a hole punched in the bottom of the tube. The absorbance at 260 nm was determined for each fraction to locate the peak of mitochondrial DNA. Mitochondrial DNA fractions were pooled, diluted with 2 volumes of DNA storage buffer, and precipitated with 2 volumes of ethanol. The pellet was dissolved in DNA storage buffer. Mitochondrial DNA prepared in this way contained <0.02% (by weight) of spcDNA as judged by electron microscopy.
Preparation of total chromosomal DNA. Cells were grown to confluence (surface cultures) or to early stationary phase (suspension cultures). Surface cultures were trypsinized for 5 min at room temperature, pipetted off the culture dishes, and suspended in culture medium. Suspended cells were pelleted and resuspended in TE. Pronase and sodium dodecyl sulfate were added to 0.5 mg/ml and 1%Y, respectively, and the lysate was incubated at 37°C for 30 min. The DNA was sheared by vortexing just enough to slightly reduce the viscosity, phenol and ether extracted, and centrifuged to equilibrium in CsCl-EB gradients. The chromosomal DNA band was removed through the side of the tube with a 21gauge needle, extracted with CsCl-saturated isopropanol, dialyzed, ethanol precipitated, and dissolved in DNA storage buffer.
Constructioil of cloning vector pS7. Plasmid pS7 (5.2 kb) was constructed specifically for cloning the BglII fragments of spcDNA. It consists of plasmid pBR322 in which the HindIII-SalI fragment containing part of the tetracycline resistance gene was replaced by the HindIII-SalI fragment of Tn5, which codes for kanamycin resistance. The Tn5 Kanr gene contains a BglII site between the promoter and the structural gene (18) . DNA inserted at this site generally reduces or abolishes kanamycin resistance.
Cloning spcDNA, A purified CHO cell circular DNA preparation containing approximately 1.8 p.g of mitochondrial DNA and 20 ng of spcDNA was digested twice with an excess of BglII according to the instructions of the supplier (New England Biolabs) and then heat treated at 65°C for 10 min. From electron microscope studies, we estimated that approximately 30% of the spcDNA was cleaved. Two portions of this DNA were separately ligated to 0.25-,ug aliquots of pS7 plasmid DNA previously digested with an excess of BglII and then heated to 65°C for 10 min. One portion contained approximately 0.9 p.g of mitochondrial DNA plus 10 ng of spcDNA, of which about 3 ng of spcDNA was cleaved. The other portion contained approximately 0.4 ,ug of mitochondrial DNA plus 4 ng of spcDNA, of which about 1 ng was linearized. The ratios of pS7 plasmid vector molecules to cleaved spcDNA molecules were estimated to be about 8:1 and 3:1, respectively, in the two ligation mixes.
Ligation was carried out in 10-and 5-['l volumes, respectively, at 4°C for 16 h, using an excess of T4 DNA ligase under the conditions recommended by the supplier (Bethesda Research Laboratories, Inc.). The ligated DNA preparation was used directly to transform competent cells of Escherichia coli SK1592 (14) . Transformed cells were selected for ampicillin resistance and screened for kanamycin sensitivity.
Cell fractionation. CHO cells grown to early stationary phase were harvested by pelleting at 1,000 x g for 3 min at 4°C. The cells were washed twice in cold TD buffer by pelleting at three-fourths full speed for 90 s at room temperature in a clinical centrifuge. The pellet was resuspended at a density of 4 x 107 cells per ml in cold hypotonic buffer (10 mM Tris-hydrochloride, pH 7.0, 10 mM NaCl, 5 mM disodium EDTA) and left on ice for 25 min. Triton X-100, 20%, was added to a 0.2% final concentration, and the cells were lysed by douncing vigorously 10 times. Aliquots (5 ml) of the cell lysate were layered over 5-ml portions of 0.75 M sucrose in hypotonic buffer made 0.2% in Triton X-100 and centrifuged for 3.5 min at 2,000 x g and 4°C. The upper layer, constituting the cytoplasmic fraction, was removed by pipette to reduce the chance of contaminating the nuclear pellet. The lower layer was poured off, pooled with the upper layer, and made 30 mM in disodium EDTA. The nuclear pellet was suspended by vortexing while slowly adding 10 ml of cold hypotonic buffer containing 0.375 M sucrose, 25 mM disodium EDTA, and 0.2% Triton X-100. Two tubes of the nuclear fraction and two tubes of the cytoplasmic fraction were pooled to produce a reconstituted "total" fraction.
Equal amounts of 3H-labeled cos4O5 plasmid (4.15 kb) (23) were added as an internal control to each of the fractions, which were then lysed by the addition of sodium dodecyl sulfate to 1% while vortexing. The samples were sheared by vortexing, alkaline denatured, phenol extracted, and centrifuged through two consecutive CsCI-EB gradients as described for the isolation of circular DNA above.
Approximately 36 fractions of 0.25 ml each were collected by dripping from a hole in the bottom of the tube. The supercoiled DNA fractions were located by counting an aliquot of each fraction in a scintillation counter, and those fractions from the second gradients were pooled and examined by electron microscopy. The number of each type of circular DNA molecule (cos4O5, mitochondrial, and spcDNA) was counted for each sample.
Southern blotting. Undigested or restriction enzyme-digested cloned spcDNA or chromosomal DNA was fractionated on 0.7 or 0.8% agarose gels and transferred to nitrocellulose filters by the method of Southern (22) . The filters were wetted in hybridization buffer (4x SSC [0.6 mM NaCl, 60 mM sodium citrate, pH 7.0] containing 0.1% sodium dodecyl sulfate, 3 x Denhardt solution [0.02% bovine serum albumin, 0.02% Ficoll, 0.02% polyvinylpyrollidone], 50% formamide) and incubated at a probe concentration of 2 x 105 to 1 x 106 cpm/ml at 37°C for approximately 16 h. DNA probes were labeled with 32P by nick translation (17) to specific activities of 107 to 108 dpm/,ug. spcDNA probes consisted of BglII spcDNA fragments separated from vector DNA on agarose gels and isolated from gels with DEAE-cellulose (8) . After hybridization, the filters were washed with five aliquots of 4x SSC-0.1% sodium dodecyl sulfate at 37°C for 30 min each, air dried, and exposed to Kodak XAR-5 film with or without an intensifying screen or to Kodak OG-1 film, using a Kodak Lanex screen, for periods ranging from 1 h to 10 days at -70°C. Dot blotting. Aliquots of each fraction of a second consecutive CsCI-EB gradient containing CHO cell circular DNA and unlabeled cos4O5 DNA were dot blotted by the procedure of Kafatos et al. (13) with minor modifications. Aliquots (25 ,ul) were treated at room temperature in succession with Rl of 2 M ammonium acetate. Aliquots (50 ,ul) were then spotted on nitrocellulose filters, using either a Minifold filtration apparatus (Schleicher & Schuell) or 50-,u pipettes by hand. Dot blots were also made with circular DNA obtained in the cellular fractionation experiment described above. In this case, the supercoiled DNA fractions containing 3Hlabeled cos4O5 plasmid DNA were pooled, and amounts containing the same number of counts for each fraction were diluted to equal volumes with DNA storage buffer and dot blotted as described above.
Electron microscopy. Samples for electron microscopy were prepared according to the aqueous method of Davis et al. (5) . Measurements of contour lengths were made from tracings of projected negatives, using a 56-cm2 sonic digitizing table (resolution, 0.5 mm) and a Hewlett-Packard 9821-A calculator.
RESULTS
Cloning of CHO cell spcDNA. Cloning of any spcDNA presents special problems due to its small size, which results in a limited number of restriction enzyme sites in individual molecules, and to its heterogeneity, which precludes the cloning of all molecules with the same restriction enzyme. Also, in the case of CHO cells, the very small amounts of spcDNA that could be isolated invariably contained 10to 100-fold more mitochondrial DNA than spcDNA by weight. Since contaminating mitochondrial DNA could have yielded restriction fragments of a size range more readily clonable than those of spcDNA, it was necessary to select an enzyme for cloning that recognized no sites in mitochondrial DNA, while recognizing one or more sites in a significant fraction of the spcDNA molecules. To determine which hexanucleotide-recognizing restriction enzymes fit these criteria, circular DNA preparations containing both spcDNA and mitochondrial DNA were digested with BglII, Sall, XhoI, BamHI, EcoRI, PstI, and HindIII. The number of intact spcDNA molecules was determined before and after digestion by electron microscopy, using a known amount of added ColEl DNA as a reference. Sall, BamHI, and XhoI did not digest mitochondrial DNA and also did not digest a detectable fraction of spcDNA. EcoRI, PstI, and HindIll all digested mitochondrial DNA and were thus unsuitable for cloning spcDNA. Of the seven enzymes tested, only BglII linearized a significant fraction (approximately 40%) of spcDNA molecules without digesting mitochondrial DNA. Figure 1 shows the size distribution of spcDNA molecules before and after digestion with BglII. It is apparent that BglII recognition sites occur throughout the small circle population with no preferential loss of any of the circle size classes.
BglII-digested circular DNA containing 1 to 3 ng of linearized spcDNA was ligated to 250 ng of BglII-digested cloning vector pS7 and used to transform competent cells of E. coli SK1592. Approximately 0.5 to 1% of the ampicillinresistant transformants containing pS7 were also kanamycin sensitive due to the presence of BglII inserts. Forty-seven such inserts were obtained, ranging in size from approximately 70 to 2,400 bp (0.02 to 0.8 ,um; Fig. ic ). The size range of inserts spanned that seen for intact circles by electron microscopy. The most frequent size class of insert (0.12 ,um) was indistinguishable from the most frequently observed circle size. We therefore believe that the circular DNAs cloned are representative of the whole and probably consist mostly of complete circles rather than fragments of circles. Because of the vast excess of mitochondrial DNA in the cloning mix and the possibility of microheterogeneity of this DNA with respect to restriction sites, we examined each of our clones for the presence of CHO cell mitochondrial DNA by probing Southern blots of the cloned DNAs with labeled purified mitochondrial DNA. None of the clones showed any homology to mitochondrial DNA under conditions where the probe hybridized to blotted mitochondrial DNA present in amounts as low as 0.2% of blotted cloned spcDNA. The sensitivity of detection was therefore at least five times greater than what would be needed to detect the smallest fragment cloned (70 bp), which represents about 1.3% of the vector plus insert.
The cloned spcDNAs were also analyzed on agarose gels after treatment with a number of different restriction enzymes to determine the size of the insert, the location of restriction enzyme sites, and possible homologies between different clones (Table 1) . Of the 47 inserts, 15 fell into groups of two or three whose members were indistinguishable by these criteria (see brackets, Table 1 ). Thirteen of these were assumed to have arisen as siblings. The remaining two (B12 and 20), however, could not have been siblings because they were obtained in separate cloning experiments. [8, 9] 4, 11, [25, 29] , [7, 8, 9] None None (10 ,ug) was fractionated by electrophoresis through 0.7% agarose gels, blotted onto nitrocellulose, and hybridized to gel-purified, nick-translated BgIII sequences of cloned spcDNA as described in the text. The cloned spcDNAs used as probes are indicated above each lane. The chromosomal DNA in all lanes except those probed with B12 was digested with BgII. The chromosomal DNA in the left and right lanes probed with B12 was digested with PstI and Hindlll, respectively. As a control, each probe was hybridized simultaneously to Southern blots of EcoRI-digested salmon sperm chromosomal DNA containing 1 and 10-copy equivalents of probe DNA (autoradiographs not shown). Determinations of significant background hybridization and of multiple-copy or single-copy bands were based on comparisons between the intensities of the signal on control and experimental blots. Signal intensities of individual experimental blots cannot be compared due to large variations in exposure times. Size markers were BgII fragments of pS7 (5.2 kb) and clones B10 (1.8 kb) and 14 (1.1 kb) and the EcoRI satellite of mouse DNA (1.3 kb). The 3.1-kb mark was determined graphically.
They were, therefore, presumed to represent a sequence which was common in the spcDNA preparation.
Eliminating possible duplicates left 39 clones that were different from each other. Of these, four had two BglII inserts which may have arisen either from incomplete digestion of the spcDNA before cloning or from the cloning of two separate BgIII fragments in one vector. Twenty-six of the 39 clones were chosen for closer examination. The BglII inserts from each of these were labeled by nick translation and hybridized to Southern blots of all 47 cloned DNAs to determine whether homologous sequences might occur on cloned inserts of different size (see Table 1 ).
Twenty-three of the 26 clones were not homologous to any others with the exception of their possible siblings. Clone 18 had weak homology to clones 4 and 6. Clone Bli was homologous to the smaller BglII fragment of clone B9 (B9B). Clone B2 showed homology to varying degrees to as many as five other unique clones. Homologies of these clones to each other are presumed to be due to their B2-homologous sequence(s). Failure to find extensive homologies among the various clones is consistent with the sequence heterogeneity found in spcDNA from other cell lines (7, 21, 25) .
Frequency of occurrence of individual spcDNA molecules in CHO cells. To test for the abundance of individual cloned sequences in CHO cells, labeled cloned inserts were hybridized to dot blots made either from CsCl-EB gradients containing CHO cell total circular DNA plus added unlabeled cos4O5 plasmid DNA or from pooled supercoiled DNA fractions from such gradients. Of the 21 inserts tested, only three gave positive signals. The sensitivity of the dot blots, as determined by hybridization with labeled cos4O5 DNA, was such that a positive signal would be detected if that sequence were present in the circular DNA population at a frequency of at least one copy per 15 cells (high-sensitivity blots) or one copy per cell (low-sensitivity blots). Based on these results, we estimate that clones Bll and 14 are present in at least one copy per 15 cells, whereas sequences homologous to clone 12 must be present in the circle population of every cell. That the majority of the sequences tested showed no homology indicates that most sequences contained in spcDNA are not present in the circle population of every cell.
Homology of spcDNA to chromosomal DNA. The presence or absence of homologous chromosomal DNA sequences was investigated by hybridization of individual labeled spc insert DNA to BglII-digested total CHO cell DNA on Southern blots (Fig. 2) . Twenty-two of the 26 tested, or 85%, were homologous to sequences present as multiple copies in CHO cell DNA. Most of the homologous repetitive sequences were dispersed throughout the DNA, resulting in nearly uniform hybridization over most of the blotted DNA (Fig. 2, Bli) . In addition to the uniformly dispersed homologous repetitive sequences, many cloned circular DNAs also hybridized strongly to one or more bands in the hamster chromosomal DNA, indicating the presence of either tandem repeats or scattered repeats with conserved sequence (Fig.  2, B10, A4, B9A, 31, A2, and 14) . Single bands were seen with clones 1 and A3. For A3, the intensity of hybridization relative to controls indicated that it was present as multiple copies in the chromosome. Based on the low frequency of occurrence of spcDNA and the sizes of the bands observed, we conclude that none of the bands can represent hybridization to contaminating spcDNA in the chromosomal DNA preparations.
Four cloned inserts (15, B7, B12, and 30) did not hybridize to BglII-digested chromosomal DNA. Control hybridizations for the three smaller inserts, in which 1-and 10-copy equivalents of each BglII spcDNA fragment were added to 10 p.g of EcoRI-digested salmon sperm DNA, also did not show any hybridization, probably due to poor retention of fragments of this size (<500 bp) by nitrocellulose filters (22) . Therefore, spcDNA clones 15, B7, and B12 were hybridized to CHO cell DNA digested with other enzymes that did not cut within the probe in the hope of generating larger restriction fragments that could be detected by Southern hybridizations. Under these conditions, clones B7 and B12 both showed hybridization to single bands with intensities consistent with single-copy sequence DNA (Fig. 2, B12 ). Clone 15 showed no homology to an EcoRI CHO cell chromosomal DNA digest. Enzymes other than BglII and EcoRI were not tested with this clone. Each of the 26 clones was also tested for homologies to EcoRI-digested mouse LMTKcell DNA and E. coli SK1592 DNA by Southern hybridizations ( Table 1) . None of the clones was homologous to E. coli chromosomal DNA, including those that did not hybridize to CHO cell chromosomal DNA. Relatively few spcDNA clones (2 of 14) smaller than 750 bp had homologous sequences in mouse cells. However, most CHO cell spcDNA clones of 750 bp or greater in size hybridized to sequences in mouse DNA (11 of 12) . In all cases, hybridization was dispersed, with a few clones also showing hybridization to the 1.3-kb EcoRI sequence family of mouse DNA (11) or to a single band (clone 30 only). It is interesting that clone 30, which did not hybridize to CHO cell chromosomal DNA, did show homology to mouse DNA.
Localization of spcDNA in CHO cells. Previous reports on the location of spcDNA in HeLa and Drosophila cells have given different answers, with a predominantly nuclear location being reported for Drosophila and a cytoplasmic location for HeLa cell circles. Because confirmation of a cytoplasmic location could lead to important clues as to the function of spcDNA, we attempted to determine the location of spcDNA in CHO cells. Nuclear and cytoplasmic fractions were isolated from CHO cells, a "total" fraction was reconstituted by mixing equal amounts of each, and 3H-labeled cos4O5 plasmid DNA was added to serve as a standard for recoveries and as a supercoil marker in CsCl-EB gradients. After two consecutive CsCl-EB gradients, the supercoil peak was pooled and examined by electron microscopy. The number of spcDNA molecules relative to cos4O5 molecules was determined for each fraction. Table 2 shows the results of this experiment.
Approximately 40 times more spcDNA was found in the cytoplasmic than in the nuclear fraction. The amount of spcDNA found in the total fraction was not significantly different from that found in the cytoplasmic fraction. However, it was noticed during quantitation that the size distributions of spcDNA in the two fractions differed. Therefore, molecules from each fraction were photographed and measured, and their sizes were determined with cos4O5 DNA (4.15 kb) as a standard (Fig. 3) . By eye, it appeared that the smaller molecules were less frequent, and the larger mole-cules more frequent, in the nuclear fraction than in the cytoplasmic or total fractions. For confirmation of this observation, the distribution of molecules was broken down into three size classes (00.18, 0.19 to 0.29, and -0.3 ,um) so that statistical analysis with chi-squared tables could be performed.
Chi-squared analysis of these distributions indicated a 50% probability that the differences seen between the cytoplasmic and total fractions were due to chance, but much less than a 0.01% probability that the differences between the nuclear and cytoplasmic or total fractions occurred by chance. This indicates that the circle population present in the nuclear fraction is significantly different from that in the cytoplasmic fraction and, therefore, is unlikely to have arisen from random contamination by cytoplasmic circles.
Attempts were made to estimate the extent of crosscontamination by quantitating mitochondrial DNA in each fraction, but the numbers of these molecules were too low to give reliable data. We can, however, estimate the contamination of the cytoplasmic fraction by nuclear DNA at approximately 10%, based on previous fractionation experiments in which nuclear DNA was labeled. We conclude from these data that at least a portion of the circular DNA is associated with the nucleus in vivo.
In an attempt to determine whether any sequences were located preferentially in the nuclear fraction, we hybridized the three clones that gave positive signals with dot blots of total circular DNA to dot blots of circular DNA isolated from nuclear and cytoplasmic fractions. In all three cases, the probes hybridized much more strongly to DNA from the cytoplasmic fraction than to DNA from the nuclear fraction (data not shown).
DISCUSSION
The CHO spcDNA bank. The cloned spcDNAs described in this paper are particularly valuable in that they are likely to represent, for the most part, entire circular DNA molecules. Cloning of entire circles was possible due to the small size of the CHO cell spcDNA and to the use of a hexanucleotide-recognizing restriction enzyme for cloning. It is expected that BglII would cleave hamster DNA (43% guanine plus cytosine [15] ) once every 1,230 bp (16 experimentally that approximately 40% of spcDNA (one in 2.5 circles) could be linearized with BglII. Since the average circle size is 520 bp, the observed frequency of BglII recognition sites in spcDNA is one site per 1,300 bp (2.5 x 520 bp). This value is in close agreement with the expected frequency and is consistent with random cleavage of spcDNA by BgIII. We therefore feel that our spcDNA bank is fairly representative of the circle population as a whole in addition to being composed mainly of entire sequences from individual circles.
The relatively large number of clones >0.4 ,um (1.2 kb) can be attributed to their greater probability of possessing BglII sites and possibly also to the fact that fragments of this size are less likely to anneal intramolecularly and thus are more likely to be available for ligation to vector (20) than the smaller fragments. Some of the inserts which appear to be smaller than intact circles (Fig. 1 ) may also represent entire circles since the sizes of cloned BglII fragments were measured on agarose gels and are more accurate than the sizes determined for uncloned circular DNA by electron microscopy. In the aqueous Kleinschmidt method, circular DNA molecules smaller than 0.1 p.m (300 bp) cannot be readily resolved. On the other hand, the three smallest cloned fragments (70, 90, and 120 bp) are likely to be fragments of circles since circular DNA molecules smaller than 150 bp in length are highly unlikely (20) .
Homology of spcDNA to chromosomal DNA. Approximately 85% of the cloned molecules were shown to be homologous to sequences present as multiple copies in the chromosome. This is interesting because only 11% of Chinese hamster DNA consists of highly repetitive sequences and 9% consists of moderately repetitive sequences (15) . It therefore appears that CHO spcDNA is preferentially related to repetitive sequences as was shown for the spcDNA of D. melanogaster cells (25) . This result makes it unlikely that spcDNA represents random chromosomal fragments. However, some cloned circular DNA does appear to be homologous only to unique chromosomal sequences. This has also been reported for cloned spcDNA sequences from monkey cells (1) .
Two clones (15 and 30) showed no homology to CHO chromosomal DNA. It is possible that clone 15 (215 bp) is homologous to a single-copy chromosomal sequence that is too small to be retained on nitrocellulose filters when digested with the enzymes tested (EcoRI and BglII). Clone 30 (2.3 kb), however, certainly should have shown hybridization to homologous BglII chromosomal sequences if they were present. It is possible that clone 30 may represent a nonintegrated viral sequence that was present in the spcDNA population. This clone was also the only one to hybridize to a band other than that due to the EcoRI satellite sequence in mouse chromosomal DNA, a result consistent with a rodent virus present as free circles also in mouse DNA.
Localization of spcDNA in CHO cells. Determining the location of spcDNA in cells is difficult due to the ability of small molecules to leak out of nuclei during cell fractionation under a wide variety of conditions (10) . For this reason, a cytoplasmic location for spcDNA would be difficult to prove. The only published attempt to determine the location of spcDNA in mammalian cells to date resulted in a tentative assignment of spcDNA to the cytoplasm in HeLa cells (21) .
Our results with CHO cells also indicate that the vast majority of spcDNA purifies with the cytoplasmic fraction. However, we find that the relatively few spcDNA molecules that remain with purified nuclei are significantly larger, on the average, than those in the cytoplasmic fraction. It is therefore unlikely that spcDNA is entirely cytoplasmic, since cytoplasmic molecules contaminating the nuclear fraction should have the same size distribution profile as cytoplasmic spcDNA.
Our data are consistent with the possibility that all spcDNA is nuclear, but that the majority leak out of the nucleus during cell fractionation, with the probability of leakage being greater for smaller circles. This possibility is supported by two observations. First, the spcDNA of D. melanogaster cells, which is considerably larger than that in mammalian cells, is located mainly in the nuclear fraction. Second, a significant amount of DNA was found to be lost from CHO cell nuclei during cell fractionation. Another possibility, and one we consider equally likely, is that spcDNA in CHO cells is both nuclear and cytoplasmic.
Frequency of occurrence of spcDNA. Our data indicate that about 85% of spcDNA molecules occur less frequently than once per 15 cells. This is consistent with our inability to find extensive homologies between the cloned circles and with the reported heterogeneity of spcDNA in other systems (7, 21, 25) . This result indicates that spcDNA for the most part cannot represent stably maintained plasmid-like elements. The data are more compatible with repeated de novo generation of spcDNA from chromosomal DNA. Indeed, there is some evidence that subclones of a parental line may differ in their circle content (19, 24) . The CHO-Ki cell line used here is not entirely homogeneous in cell type, and the circle population in these cells did alter with time, as can be seen in a comparison of the size distributions in Fig. la and 3a , where isolations of circles from the same cell line were separated by a period of 2 years. In any event, the apparent failure of most cloned sequences to be present as a circle in every cell will make construction of a complete spcDNA bank extremely difficult, if not impossible.
Our spcDNA bank consists of at least 43 different BglII fragments, the majority of which are likely to contain entire sequences of individual circular DNA molecules. The ability to examine what are probably entire circles may lead to an understanding of how individual spcDNA molecules arise. Comparison of intact cloned circles with their chromosomal counterparts should prove especially interesting in this regard. To this end, we have begun sequencing a number of cloned spcDNAs, the results of which will be the subject of another communication.
